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ABSTRACT 
 
Kirsten Elise Trowbridge:  Overlapping Functions of MUS81 Endonuclease and 
DmBlm Helicase in DNA Repair in Drosophila melanogaster 
(Under the direction of Jeff J. Sekelsky) 
 
Mus81-Mms4 is a DNA structure-specific endonuclease that has been implicated in 
meiotic recombination and processing of damaged replication forks in fungi.  This work 
describes the generation and characterization of mus81 and mms4 mutations in 
Drosophila and investigation of the relationship of the MUS81-MMS4 endonuclease to the 
DmBlm helicase.  Although Mus81 is involved in meiotic recombination in fungi, this role 
does not appear to be conserved in Drosophila.  My finding that mus81 mutants are 
hypersensitive to agents that block or damage replication forks supports a role for 
MUS81-MMS4 in replication-fork repair.  I found that null mutations in mus81 and 
mus309 exhibit synthetic lethality, which is associated with elevated apoptosis in 
proliferating tissues.  Lethality and elevated apoptosis were partially suppressed by 
mutation in spn-A, which encodes DmRad51.  I hypothesize that inability to repair 
endogenous DNA damage in the absence of MUS81 and DmBlm causes cell death 
ultimately leading to organismal death. 
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CHAPTER 1: 
INTRODUCTION 
 
 
DNA is a reactive molecule, faced with a multitude of potential damage 
sources.  There are many different ways to damage DNA.  Excessive heat can lead 
to spontaneous base loss or base deamination.  UV light can cause pyrimidine 
dimers and 6-4 photoproducts, lesions that can block replication and transcription 
and induce mutations which can lead to sunlight-induced skin cancer, the most 
prevalent form of cancer.  Ionizing Radiation (IR) (such as X-rays) generates free 
radicals which attack the DNA backbone and cause strand breaks.  Chemical 
carcinogens that we come in contact with in everyday life, such as polyaromatic 
hydrocarbons, byproducts of cigarette smoke and burning fossil fuels, are processed 
in the body and can react with DNA and make large adducts that block replication 
and transcription, causing mutations.    DNA damage sources can be endogenous 
or exogenous.  The cell must have the capability to deal with all types of DNA 
damage; therefore DNA repair mechanisms are essential for genome maintenance 
and for survival. 
Proper maintenance of the genome is important to all organisms.  Genome 
instability leads to many different types of mutations which, in mammals, can lead 
to hereditary diseases and cancer.  Accurate recombination, replication, and DNA 
repair mechanisms are required for effective genome maintenance.  These 
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processes involve formation of special DNA structures such as flaps, D-loops, and 
four-stranded Holliday junctions (HJs), which are processed to restore the dsDNA 
molecule.  This processing occurs through the action of enzymes that recognize 
these special DNA structures.  Mus81–Mms4 (or Mus81-Eme1) is one such enzyme.  
BODDY et al. (2001) reported that Schizosaccharomyces pombe Mus81–Eme1 
displays endonuclease activity on HJs, but other studies have found that this 
enzyme and orthologs from yeast and mammalian cells have higher affinity for 
other branched structures, including 3’ flaps or substrates that mimic replication 
forks (RFs), having the highest affinity for nicked HJs (Ciccia et al., 2003; 
Constantinou et al., 2002; Doe et al., 2002; Gaillard et al., 2003; Kaliraman et 
al., 2001; Ogrunc and Sancar, 2003; Osman et al., 2003). 
The in vitro substrate specificity of Mus81–Mms4 (or Mus81-Eme1) reflects the 
in vivo functions of this enzyme.  Homologous recombination (HR) is crucial to 
genome maintenance, not only during meiosis, but also for accurate DNA repair.  
Repair of some types of DNA damage can occur through HR mechanisms.  
Therefore, recombination and repair utilize some of the same proteins and 
pathways.  There is evidence that Mus81-Mms4/Eme1 plays multiple roles in fungi, 
functioning both in meiotic recombination and in DNA repair (Bastin-Shanower et 
al., 2003; Boddy et al., 2001; Boddy et al., 2000; Cromie et al., 2006; de los 
Santos et al., 2003; de los Santos et al., 2001; Doe et al., 2002; Gaskell et al., 
2007; Ii and Brill, 2005; Interthal and Heyer, 2000; Kai et al., 2005; Kaliraman et 
al., 2001; Osman et al., 2003; Smith et al., 2003; Whitby et al., 2003).  In 
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metazoans, there is evidence for a role in DNA repair, but not for a role in 
meiotic recombination (Abraham et al., 2003; Constantinou et al., 2002; 
Dendouga et al., 2005; Gao et al., 2003; Hanada et al., 2006; McPherson et al., 
2004; Ogrunc and Sancar, 2003).  It appears that the DNA repair role of Mus81-
Mms4/Eme1 is conserved, while other enzymes (such as MEI-9) have evolved to 
fill the meiotic recombination role.  I wanted to further investigate MUS81’s role 
in DNA repair in Drosophila. 
There are a plethora of genetic and molecular tools available for Drosophila 
research.  For example, I was able to conduct a DSB repair assay and directly 
analyze repair products using an assay that is only available in this model 
organism.  D. melanogaster is a multicellular organism with a relatively short life 
cycle, enabling me to conduct and repeat assays in whole animals in a reasonable 
amount of time.  It is also a great organism for studying meiotic recombination 
mutants.  All the genes used in this research have human homologs and there are 
numerous examples of similar single mutant phenotypes in Drosophila and 
mammalian systems (Chaganti et al., 1974; Ciccia et al., 2003; May P, 1999; 
McVey et al., 2007; Ogrunc and Sancar, 2003; Ollmann et al., 2000; Sekelsky and 
Hawley, 1995).  Investigating the role of MUS81-MMS4 in Drosophila will provide 
insight into the differences between Mus81’s roles in yeast and mammals, and will 
also provide novel information about its relationship with a RecQ helicase, 
DmBlm.  This information adds to the breadth of knowledge of DNA repair 
pathways and how some of their players work together. 
 
 4 
Meiotic Recombination 
Meiotic recombination is required to properly segregate chromosomes, which 
is necessary for successful sexual reproduction.  Most sexually reproducing 
organisms segregate their chromosomes during the first meiotic division by forming 
physical links between chromatids of a pair of homologous chromosomes.  These 
physical links are termed chiasmata, and are formed where meiotic crossovers have 
occurred.  In the absence of meiotic recombination, high levels of chromosome 
non-disjunction (NDJ) are incurred and this typically results in sterility.  D. 
melanogaster has just four pairs of chromosomes, and aneuploidy for two of these 
pairs, the sex chromosomes and 4th chromosome, is tolerated.  Therefore, random 
chromosome segregation in Drosophila melanogaster still results in many viable 
progeny.  This is one aspect that makes Drosophila a great model organism for 
studying meiotic mutants. 
In S. pombe, mus81 and eme1 mutations severely reduce the yield of viable 
meiotic spores (Boddy et al., 2001) and surviving spores display a near-complete 
absence of crossing over (Boddy et al., 2001; Cromie et al., 2006; Osman et al., 
2003; Smith et al., 2003).  In Saccharomyces cerevisiae, mus81 and mms4 
mutations eliminate the subset of meiotic crossovers that do not exhibit 
interference (de los Santos et al., 2003).  These phenotypes presumably result from 
failure to cleave a recombination intermediate.  Thus, Mus81 is required for a 
meiotic crossover pathway in S. pombe and S. cerevisiae, though both organisms 
additionally have Mus81-independent crossover pathways.  Genetic studies of 
murine Mus81 and Eme1 have revealed some functional differences from fungal 
 5 
studies.  Mus81-/- mice are fully fertile and show no defects in gametogenesis 
(Dendouga et al., 2005; McPherson et al., 2004), suggesting that Mus81-Eme1 has 
little or no role in vertebrate meiotic recombination.  I was interested in 
determining whether or not MUS81-MMS4 is involved in generating meiotic 
crossovers in Drosophila.  To study mus81 and mms4, we generated null mutations 
in these genes.   
In D. melanogaster, ~90% of meiotic crossovers require MEI-9 (Yildiz et al., 
2002), another DNA structure-specific endonuclease which has a related nuclease 
domain to MUS81 (Aravind et al., 1999).  MEI-9 is the ortholog of yeast Rad1p and 
human XPF, which are known to be involved in nucleotide excision repair (NER) 
(Sekelsky and Hawley, 1995).  In flies, there is genetic data supportive of a model 
in which MEI-9 cleaves HJs (Sekelsky and Hawley, 1995).  Although MEI-9 is 
required for the majority of meiotic recombination in flies, some residual 
crossovers are observed in mei-9 mutants (Yildiz et al., 2002).  The enzyme 
responsible for generating residual crossovers in mei-9 mutants has yet to be 
identified.  Since Mus81-Mms4/Eme1 is required for a meiotic crossover pathway in 
fungi, and MUS81 and MEI-9 have related nuclease domains, MUS81 made a good 
candidate for the nuclease resolving residual crossovers in mei-9 mutants.  In order 
to test this hypothesis I created mus81 mei-9 double mutants to assay for meiotic 
crossover products in the absence of both MEI-9 and MUS81.  I found that residual 
crossovers in the double mutants were indistinguishable from mei-9 single mutants, 
suggesting that MUS81 is not responsible for generating these crossovers (Fig. 2.2). 
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DNA Repair 
Although it does not appear that MUS81 functions in HR during meiosis in 
Drosophila, that does not omit the potential for a role in HR during DNA repair 
in mitotically dividing cells.  To test this, I wanted to see how mus81 mutants 
would react to induction of DSBs.  I tested mutants for hypersensitivity to ionizing 
radiation (IR) and did not find substantial hypersensitivity using a very high dose 
of IR (Fig. 2.3F).  Another test to study DSB repair in these mutants involves 
looking at HR repair across a double-stranded gap using the P{wa} assay (Adams et 
al., 2003).  In this assay synthesis-dependent strand annealing (SDSA) is used to 
repair a gap created by excision of the P{wa} element.  SDSA is a model for DSB 
repair in which each end of the break invades a homologous template and primes 
DNA synthesis from it (Kurkulos et al., 1994, Nassif, 1994 #1061).  SDSA has been 
shown to be the major pathway of DSB repair by homologous recombination in 
mitotically dividing cells in Drosophila (Kurkulos et al., 1994, Nassif, 1994 #1061, 
Adams, 2003 #2295).  The P{wa} assay is a powerful tool for elucidating roles of 
proteins involved in SDSA.  I conducted this assay in mus81 mutants, and found no 
severe defects in their ability to repair the gap.  In Drosophila, I did not see any 
evidence for a role of MUS81-MMS4 in HR either during meiosis or during repair 
of DSBs; however, I wanted to further investigate a role for MUS81 in other DNA 
repair pathways.  There is evidence from both fungal and mammalian studies that 
suggests a role for Mus81 in RF repair (Boddy et al., 2001; Boddy et al., 2000; 
Ciccia et al., 2003; Constantinou et al., 2002; Doe et al., 2002; Whitby et al., 
 7 
2003) so I wanted to investigate potential defects of mus81 mutants in repairing 
blocked or damaged RFs. 
In budding yeast and mice, mus81 mutants have been shown to be sensitive to 
crosslinking and RF damaging agents (Boddy et al., 2000; Doe et al., 2002; 
Interthal and Heyer, 2000; Liu et al., 2002, Vance, 2002 #2593) suggesting a 
potential role for mus81 in the processing of blocked or damaged RFs.  The 
constellation of agents to which Mus81-/- mouse cells are hypersensitive differs 
from that of S. pombe and S. cerevisiae mutants.  While the fungal mutants are 
severely hypersensitive to agents that produce lesions that can block progression 
of RFs, such as the alkylating agent methyl methanesulfonate (MMS) and 
ultraviolet (UV) light (Boddy et al., 2000; Interthal and Heyer, 2000), the mouse 
mutants are only mildly hypersensitive to these agents, and show a stronger 
hypersensitivity phenotype to agents that generate interstrand crosslinks (ICLs), 
such as cisplatin and mitomycin C (Abraham et al., 2003; Dendouga et al., 2005; 
Hanada et al., 2006; McPherson et al., 2004).  In S. pombe, mus81 mutants are 
also moderately sensitive to prolonged exposure to hydroxyurea (HU) (Boddy et 
al., 2000), an agent that causes RF stalling, though they are not highly sensitive to 
acute HU treatment (Kai et al., 2005).  Mutants are also hypersensitive to 
camptothecin (CPT), a topoisomerase inhibitor that generates DSBs during 
replication (Bastin-Shanower et al., 2003; Doe et al., 2002; Kai et al., 2005).  
These hypersensitivities suggest that Mus81 has a role in processing a DNA 
intermediate that arises during repair of RFs or during replication restart.  I 
wanted to ascertain whether MUS81 plays this role in Drosophila as well.  
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Determining hypersensitivity phenotypes of mus81 and mms4 mutants provides 
evidence for the role of MUS81-MMS4 in Drosophila.  I found both similarities 
and differences in the phenotypes of mus81 or mms4 mutants compared to the 
yeast and mouse mutant phenotypes.  Regardless of some differences in 
sensitivities to specific agents, in general the hypersensitivities seen in the various 
model organisms collectively provide support for a hypothesis that Mus81-
Mms4/Eme1 plays a role in processing blocked or damaged RFs.  
An additional finding suggestive of a role for Mus81-Mms4 (or Mus81-Eme1) in 
RF repair comes from genetic interactions with RecQ helicases.  In fungi, mus81, 
mms4, and eme1 mutations are synthetically lethal with mutations in the RecQ 
helicase genes SGS1 (S. cerevisiae) (Mullen et al., 2001) and rqh1 (S. pombe) 
(Boddy et al., 2000).  RecQ helicases are thought to have important roles in 
repairing damaged, stalled, or blocked RFs (Courcelle and Hanawalt, 1999; Doe et 
al., 2002; Harmon and Kowalczykowski, 1998; Liberi et al., 2005).  Drosophila 
melanogaster has three RecQ helicase genes (Sekelsky et al., 2000).  The 
Drosophila ortholog of Sgs1/Rqh1 is DmBLM which is encoded by mus309.  The 
Bloom helicase, BLM, is known to be important for maintaining genome integrity.  
Mutations in BLM cause Bloom Syndrome (BS), a rare hereditary disease 
characterized by short stature, severe sun sensitivity, and predisposition to a wide 
spectrum of cancers (reviewed in German, 1993).  A predominant feature of cells 
from BS patients is highly elevated levels of sister chromatid exchange (Chaganti et 
al., 1974), which have also been observed in flies (McVey et al., 2007).  These 
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exchanges are believed to be the result of a change in processing of a DNA 
intermediate involved in RF metabolism.  The synthetic lethality suggests that 
cleavage by Mus81-Mms4 is an alternative pathway for processing this 
intermediate.  This interpretation is supported by the fact that the lethality of 
budding yeast sgs1∆ mus81∆ mutants is rescued in strains that are unable to 
exchange DNA strands for homologous recombination, such as rad51 mutants 
(Bastin-Shanower et al., 2003; Fabre et al., 2002). 
Both Mus81 and Sgs1/Rqh1/Blm have been suggested to function in the rescue 
of stalled or damaged RFs (Boddy et al., 2001; Boddy et al., 2000; Ciccia et al., 
2003; Constantinou et al., 2002; Doe et al., 2002; Liberi et al., 2005; Whitby et 
al., 2003).  If a damaged fork is not repaired directly, it can undergo fork 
regression to form an HJ (reviewed in (Lusetti and Cox, 2002)).  If regression 
occurs, the HJ may be repaired through cutting by Mus81 or by synthesizing using 
the lagging strand as a template then winding back (by Blm) in the proper direction 
to restore the fork, thus bypassing the damage.   It is possible that these enzymes 
function in alternate pathways, using different strategies to repair the same type of 
DNA damage (Doe et al., 2002; Kaliraman et al., 2001).  It is intriguing to think 
about the possibility of an endonuclease and a helicase, enzymes with different 
activities, being capable of accomplishing the same task. 
I set out to understand the basis of the synthetic lethality of mus81; mus309 
double mutants.  I found that double mutants survive to pupal stages, but fail to 
eclose into adult flies.  Both single mutants exhibit hypersensitivity to a few sources 
of exogenous damage, suggesting functions in DNA repair.  The double mutants, 
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however, die without any source of exogenous damage.  Therefore, if DNA 
damage is the cause of this synthetic lethality, it must be endogenous damage.  RFs 
are a common site of endogenous damage.  Based on this and evidence for such 
roles in other organisms, I focused on the hypothesis that MUS81 and DmBlm play 
alternate roles in processing blocked or damaged RFs.  If a variety of problems are 
naturally occurring at RFs, and some or all of these problems are unrepaired in 
mus81; mus309 double mutants, this could result in cell death.  An organism can 
only withstand so much cell death: above a certain threshold the cell death will 
lead to lethality.  I wanted to see if endogenous damage was causing cell death in 
these mutants at levels high enough to kill the organism.  I quantified levels of 
apoptosis in wing imaginal discs from 3rd instar larvae.  In support of my 
hypothesis, I observed elevated apoptosis in mus309 mutants which was further 
elevated in double mutants with mus81.  It has been shown that Dmp53 is required 
for DNA damage-induced apoptosis (Brodsky et al., 2000; Ollmann et al., 2000).  
If this is correct and my hypothesis is correct, the elevated apoptosis should be 
alleviated in the triple mutant mus81; mus309 p53.  In these triple mutants, I 
observed suppression of a great deal of the apoptosis, suggesting that DNA damage 
is causing the majority of apoptosis in mus81; mus309 double mutants.  Since I 
observed some residual apoptosis in the triple mutants, it appears that either there 
is maternal contribution of Dmp53 in these mutants, or only the majority of the 
apoptosis is Dmp53-dependent.  The synthetic lethality of these double mutants, 
however, is not rescued by mutation of p53, suggesting that the residual apoptosis 
may still be above the threshold that can be tolerated for viability. 
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On the other hand, the synthetic lethality of mus81; sgs1 double mutants can 
be suppressed by mutation of rad51, an enzyme that catalyzes strand invasion 
during repair by homologous recombination (Fabre et al., 2002).  In Drosophila, 
the Rad51 ortholog is encoded by spn-A (Staeva-Vieira et al., 2003).  I observed 
suppression of synthetic lethality in Drosophila mus81; mus309 spn-A triple 
mutants.  A basic model to explain my results involves a damaged DNA molecule 
being converted through strand invasion by DmRad51 to an intermediate structure, 
which is processed through one of two pathways (requiring either Mus81 or Blm) 
to restore the dsDNA.  In this model, in the absence of either Mus81 or Blm, all 
intermediates would be processed through the remaining pathway.  But in the 
absence of both, the intermediate would be formed but could not be processed; 
the DNA would then be stuck in the branched structure with no way to be 
resolved.  However, in the absence of DmRad51, a DmRad51-independent 
pathway would be utilized.  The intermediate structure which is the substrate of 
Mus81-Mms4/Eme1 or Blm would never be created, thus the DNA wouldn’t get 
stuck in a structure with no route for restoration.  I used synthetic lethality assays 
and apoptosis measurements to test this basic model, and my results shaped the 
revised model presented in this thesis (Fig. 4.1). 
The suppression of synthetic lethality and elevated apoptosis in spn-A mutants 
is not full, leading to a revised model (Fig. 4.1).  Briefly, the current model involves 
two types of DNA lesions, one repaired by either MUS81-MMS4 or BLM and the 
other requiring DmRad51 for processing into an intermediate which in turn requires 
processing by DmBlm.  This model will be discussed in greater detail in Chapter 4. 
CHAPTER 2 
CHARACTERIZATION OF MUS81-MMS4 
 
 
INTRODUCTION 
 
 DNA recombination and repair involve formation of branched DNA 
intermediates which must be processed to restore a stable dsDNA molecule.  One 
method of processing such an intermediate is by cutting with a DNA structure-
specific endonuclease.  Mus81 is the catalytic subunit of a DNA structure-specific 
endonuclease.  A non-catalytic subunit, Mms4/Eme1, is required for activity.  In 
vitro, Mus81 can cut several types of branched DNA structures (Ciccia et al., 2003; 
Constantinou et al., 2002; Doe et al., 2002; Gaillard et al., 2003; Kaliraman et 
al., 2001; Ogrunc and Sancar, 2003; Osman et al., 2003), but its in vivo function 
is still unclear in higher eukaryotes.  I wanted to gain insight into the role of 
MUS81-MMS4 in DNA processing by examining its functions in Drosophila 
melanogaster.  This chapter will address potential roles for MUS81-MMS4 in DNA 
recombination and repair.  In order to study MUS81-MMS4 in Drosophila, we 
generated mutations in mus81 and mms4.  Using these mutations, I looked at rates 
of meiotic recombination, hypersensitivities to DNA damaging agents, and repair 
of a DSB to gain insight into the role of MUS81-MMS4. 
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RESULTS AND DISCUSSION 
Generating Mutations in mus81 and mms4 
 The Drosophila ortholog of mus81 maps to 1D, near the tip of the X 
chromosome.  We used the targeted mutagenesis method of Rong and Golic  
(Rong and Golic, 2001) to introduce a mutation into mus81 (see Materials and 
Methods for details).  A 16 bp fragment harboring a unique NheI site and an in-
frame stop codon was inserted at a position predicted to terminate transcription 
upstream of sequences encoding the conserved nuclease domain (Fig. 2.1A); we 
refer to this allele as mus81Nhe. 
 Since there is little sequence similarity between S. pombe Eme1 and S. 
cerevisiae Mms4, we used iterative BLAST searches to identify a Drosophila 
ortholog.  This strategy pointed to CG12936, located in 47C1.  After confirming 
that the product of this gene interacts with MUS81 in a yeast two hybrid assay (J 
LaRocque and J Sekelsky, unpublished), we renamed the gene mms4.  During the 
course of these studies, human EME1 was identified (Ciccia et al., 2003; Ogrunc 
and Sancar, 2003).  Eme1 proteins from sequenced mammalian genomes are 
predicted to be 570-590 residues, and are highly similar throughout.  In contrast, 
the predicted Drosophila MMS4 protein is only 309 residues.  This protein shares 
sequence similarity (25% amino acid identity and 43% similarity) with the 
carboxy-terminal 300 residues of human Eme1.  Two observations suggest that the 
Drosophila protein is N-terminally truncated relative to the mammalian orthologs. 
First, a full-length mms4 cDNA sequence has been reported (RE20777, GenBank 
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accession AY071164).  Second, the first 200 residues of human Eme1 appear to be 
conserved only within mammalian species. 
 To generate mutations in mms4, I conducted a P element excision screen 
using P{SUPor-P}KG06402, which is inserted 23 bp upstream of the ATG 
corresponding to the predicted start codon.  Through imprecise excision I 
generated three deletion alleles of mms4 (see Materials and Methods for details).  
For the experiments below I used the deletion allele mms4ex1, which removes 839 
of 958 protein-coding base pairs (Fig. 2.1B). 
 
Figure 2.1.  Mutations in mus81 and mms4.  Schematic representations of (A) mus81 and 
(B) mms4 are shown.  Protein-coding sequences are in black.  The region encoding the 
nuclease domain of MUS81 is stippled.  The 16-bp insertion in mus81Nhe is indicated, and 
the 3’ end of the adjacent, overlapping gene is shown.  In (B), the region deleted in 
mms4ex1 is denoted with a dashed bar.  The adjacent, overlapping gene is shown. 
 
MUS81 is not required to generate meiotic crossovers 
 Yeast mus81 and mms4/eme1 mutants have meiotic defects such as reduced 
crossovers and reduced spore viability (Boddy et al., 2001; de los Santos et al., 
2001).  In S. pombe, all meiotic crossovers require Mus81-Eme1 (Boddy et al., 
deleted 
Figure 2.1 Mutations in mus81 and mms4  
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2001), whereas in S. cerevisiae Mus81-Mms4 contributes to formation of a subset 
of crossovers (de los Santos et al., 2003).  I found that mus81Nhe flies have normal 
fertility and wild-type levels of meiotic NDJ of the X chromosome (data not 
shown).  I measured crossing over (Table 2.1 and Fig. 2.2) along chromosome 3 
and found only a slight reduction in mus81Nhe mutants, within the range seen in 
different wild-type strains (Kidwell, 1977). 
Table 2.1 Meiotic crossing over in mus81 and mei-9 mutants 
 Genetic distance (mu)   
Genotype cu-sr sr-e e-Pr Pr-ca Total % of wild type N 
w1118 9.8 9.0 20.4 14.2 53.4 100 1463 
mus81Nhe 11.5 9.4 16.5 11.3 48.7 91 1967 
mei-9A2 1.5 0.7 2.4 1.9 6.5 12 538 
mus81Nhe mei-9A2 1.9 1.5 4.5 3.4 11.3 21 470 
 
 Previous work has shown that most crossovers in Drosophila require the 
nucleotide excision repair endonuclease, MEI-9-ERCC1, in complex with the novel 
protein MUS312 (Baker and Carpenter, 1972; Radford et al., 2005; Yildiz et al., 
2002).  Null mutations in mei-9, which encodes the catalytic subunit, eliminate 
90% of crossovers (Sekelsky et al., 1995).  The nuclease domain in MEI-9 is 
related to that of MUS81 (Aravind et al., 1999).  We hypothesized that MUS81-
MMS4 might be involved in generating the residual crossovers observed in mei-9 
mutants.  To test this hypothesis, I generated mus81Nhe mei-9A2 double mutants.  I 
found that the double mutants had roughly the same level of crossovers as the 
mei-9A2 single mutants (Table 2.1 and Fig. 2.2). 
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Figure 2.2 Levels of meiotic recombination in mei-9A2, mus81Nhe mei-9A2, and mus81Nhe  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2.  Levels of meiotic recombination in mei-9A2, mus81Nhe mei-9A2, and mus81Nhe.  
Levels are reported as % of the level observed in a wild-type control which was 
performed under the same conditions.  The total distance measured (from cu-ca) was 
used to determine these levels. 
 
 I conclude that MUS81 is not responsible for generating residual meiotic 
crossovers in mei-9 mutants in Drosophila.  I cannot completely exclude the 
possibility of the involvement of MUS81-MMS4 in meiotic recombination, but my 
results demonstrate that this enzyme does not have a major role in generating 
crossovers. 
Hypersensitivity to DNA damaging agents 
 In my endeavor to determine the role of MUS81-MMS4, I wanted to find 
out what type(s) of DNA damage MUS81-MMS4 plays a part in repairing.  I can 
gain insight by examining hypersensitivities of mutants to agents that damage 
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DNA or interfere with DNA metabolism.  Yeast mus81 and mms4/eme1 mutants 
are hypersensitive to UV irradiation, methyl-methane sulfonate, (MMS), 
hydroxyurea (HU), and camptothecin (CPT) (Bastin-Shanower et al., 2003; Boddy 
et al., 2000; Doe et al., 2002; Interthal and Heyer, 2000).  Murine Mus81-/- and 
Eme1-/- cells are hypersensitive to agents that cause interstrand crosslinks (ICLs) 
(Abraham et al., 2003; Dendouga et al., 2005).  Although all these agents have 
multiple effects on cell metabolism, a commonality between them is that they 
have detrimental effects on replication forks (RFs):  UV and MMS can block RFs, 
HU treatment leads to stalled RFs, CPT causes replication-dependent DSBs, and 
ICLs can also block RFs and give rise to DNA intermediate structures.  For this 
reason, these hypersensitivities have been taken as evidence for the involvement 
of the Mus81-Mms4/Eme1 endonuclease in responding to replication fork 
problems.  I assayed for hypersensitivities in Drosophila mus81 mutants to these 
types of DNA damage. 
 I treated mus81Nhe mutant larvae with UV irradiation, MMS, HU, CPT, or 
nitrogen mustard (see Materials and Methods for details on methods of damage) 
and assayed for survival to adulthood.  A checkpoint mutant, mei-4129D, was used 
as a positive control to confirm activity of damaging agents.  Drosophila mus81Nhe 
mutants are not hypersensitive to UV or MMS (Fig. 2.3A and 2.3B) suggesting that 
any role for MUS81 in responding to blocked replication forks is either 
insignificant or redundant.  In contrast, mus81Nhe mutant larvae were less sensitive 
to HU than wild-type larvae (Fig. 2.3C).  This was true both for mus81Nhe 
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hemizygous males and for mus81 Nhe/Df  females.  This result suggests that MUS81 
may act on stalled replication forks or a derivative of such forks in a way that is 
detrimental to survival, so that lack of this enzyme is beneficial in the presence of 
HU.  To explore the possibility of MUS81's involvement in repairing DSBs formed 
at replication forks, mus81Nhe mutants were tested for hypersensitivity to CPT.  My 
results show that mus81Nhe flies are hypersensitive to CPT (Fig. 2.3D), indicative of 
a potential role for MUS81 in repairing DSBs that occur at replication forks.  I also 
treated mutants with the crosslinking agent, nitrogen mustard, and saw that 
mus81Nhe flies are moderately hypersensitive to this type of damage as well (Fig. 
2.3E).  Although I have not observed all the same sensitivities seen in yeast, 
overall these results provide support for the idea that MUS81 has a role in 
repairing problems that occur during replication in Drosophila.  
 In addition to testing for hypersensitivities to RF compromising agents, I 
wanted to explore the possibility of MUS81’s involvement in DSB repair.  I took 
two approaches, testing for hypersensitivity to IR, and utilizing a DSB repair assay 
to determine if MUS81-MMS4 is involved in repair of DSBs. 
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Figure 2.3 Response to DNA damaging agents in mus81Nhe mutants 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3.  Response to DNA damaging agents in mus81Nhe mutants.  Rates of survival to 
adulthood were calculated relative to control siblings in the same vial.  Results from 
mus81Nhe are shown in dark orange and light blue lines represent mei-4129D (positive 
control to verify activity of the agents).  Each point shows the weighted mean Relative 
survival at that dose.  Error bars show standard deviation.  mus81Nhe mutants exhibit 
hypersensitivity to camptothecin (CPT) (D), and to nitrogen mustard (E) but are not 
severely hypersensitive to UV, MMS, HU, or IR (A, B, C, and F respectively).  For most 
mus81Nhe points shown in A, B, and C, the difference between mus81Nhe and wild-type is 
not significant.  Exceptions are:  mus81Nhe at 100 mM HU (p=0.0253), mus81Nhe at .08% 
MMS (p=0.0474).  Statistical analysis was not performed on mus81Nhe at 0.04% MMS or 
on mus81Nhe treated with IR as those tests were only completed once, and did not show 
any severe hypersensitivity.  For all points in D and E there is a highly significant 
difference between mutant and control survival (p<0.01). 
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Double-strand break repair is not severely impaired in mus81Nhe mutants 
 Hypersensitivity to CPT might result from the effects of this agent on 
replication or from a general defect in DSB repair.  An observation that argues 
against this interpretation is that mus81Nhe mutants are not hypersensitive to IR 
(Fig. 2.3F), which induces nicks and DSBs (Friedberg et al., 1995).  This result is in 
agreement with that seen in other organisms where mus81 mutants are not 
hypersensitive to IR or bleomycin treatment (Abraham et al., 2003; Boddy et al., 
2000; Dendouga et al., 2005; Doe et al., 2002; Fu and Xiao, 2003; Hartung et 
al., 2006; Hiyama et al., 2006; Interthal and Heyer, 2000; McPherson et al., 
2004).  To further investigate the possibility of involvement of MUS81 in response 
to DSBs, I conducted a DSB repair assay in mus81Nhe mutants and in wild-type 
controls.   
 In this assay a DSB is generated by excision of a P{wa} transposable element 
(Adams et al., 2003; McVey et al., 2004a; McVey et al., 2004c) and repair is 
thought to proceed through a homologous recombination pathway termed 
synthesis-dependent strand annealing (SDSA).  The P{wa} element contains a mini-
white gene interrupted by a copia element insertion which is flanked by 
complimentary long terminal repeats (LTRs).  P{wa} is excised in the male germline 
by transposase, leaving a 14-kb DS gap which can be repaired using the sister 
chromatid as a template.  The P{wa} element in this assay is located on the X-
chromosome and events are scored in female progeny by eye color.  When SDSA 
occurs, it is possible for the strands to synthesize from both sides through the LTRs.  
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Homology of LTRs can then be recognized leading to strands annealing at the 
LTRs, effectively removing the copia insertion.  This brings the two sides of the 
mini-white gene in close enough proximity to be expressed and results in red-eyed 
progeny.  Female flies with two copies of the entire P{wa} element have apricot 
eyes, while one copy of P{wa} in a white- background results in yellow eyes.  
Apricot eyes will be seen if there is no excision, or if the complete P{wa} element is 
synthesized during repair.  These events are indistinguishable from one another, 
therefore, apricot-eyed progeny are not informative.  Since the DSB is actually a 
14-kb gap relative to the sister chromatid, SDSA often aborts, and repair is 
completed through an end-joining pathway.  Aborted SDSA events result in 
yellow-eyed female progeny.  I will refer to events resulting in red-eyed progeny 
as completed SDSA, and events resulting in yellow-eyed progeny as aborted SDSA. 
 I found a slight reduction in DSB repair by SDSA in mus81Nhe mutants 
compared to wild-type (Fig 2.4A).  Among the daughters of wild-type males 
(n=1113), 4.4% exhibited completed SDSA and 2.4% exhibited aborted SDSA 
repair.  Among the daughters of mus81Nhe mutant males (n=3358), 2.8% 
exhibited completed SDSA and 1.3% exhibited aborted SDSA.  These differences 
are statistically significant (p=0.0112 for red; p=.0115 for yellow). 
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Figure 2.4 DSB repair assay.    
 
 
 
 
 
 
 
Figure 2.4 DSB repair assay.   Data for mus81Nhe is shown in dark orange and wild-type is 
shown in teal.  A) Female offspring that inherited the repaired P{wa} chromosome from 
their fathers were scored for eye color.  The percentage of female offspring with a given 
eye color, and thus a given type of repair event, is shown.   
B) Genomic DNA from progeny of yellow-eyed females representing independent, 
aberrant repair events was analyzed by PCR.  A schematic of the right side of P{wa} is 
shown below:  red rectangles denote parts of the white gene, the peach rectangle denotes 
the copia retrotransposon, which is flanked by LTRs (gold), the green rectangle indicates 
the P element terminal inverted repeat, and part of the scalloped (sd) gene (where P{wa} 
is inserted) shown in blue.  Primer pairs (illustrated with uniquely colored arrows above 
and below the schematic) were used to analyze the extent of repair synthesis from the 
right end of the DSB in wild type and mus81Nhe mutant flies that had aborted SDSA.  The 
ability to specifically amplify P{wa} sequences correlates with how much repair synthesis 
has occurred and shows the minimum amount of DNA synthesized (indicated above the 
graph).  Colored arrows indicating primers also match braces drawn below the graph to 
illustrate which primer pair was used for each region.  For example, primers (shown in 
orange) specific for the P element terminal inverted repeat (Pout) and the flanking sd 
intron (Sc5941a) were used to determine whether repair synthesis had initiated and 
completed at least 5 bp of synthesis from the broken chromosome end.  The percentage 
of aborted SDSA events that exhibited repair synthesis from the right end is given.  
 
 Although the proportion of completed SDSA events was smaller in mus81Nhe, 
the proportion of aborted SDSA events was also decreased.  It is possible that 
transposase was less active in the mus81Nhe males than it was in the wild-type 
males, giving a lower excision rate.  We have observed differences in excision 
rates with different sources of transposase or in different genetic backgrounds 
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(LaRocque et al., 2007; McVey et al., 2007; McVey et al., 2004b). If excision 
rates were comparable, it is possible that in the absence of MUS81 there is 
decreased ability to repair after excision.  If a repair event is initiated, leading to 
an intermediate which would require cutting by MUS81-MMS4, in the absence of 
MUS81, cells containing such intermediates could die from inability to restore the 
dsDNA.  This could lead to some potential repair events being lost at a point in 
the repair pathway when MUS81 is needed, so they could not be observed.  I do 
not believe this is likely, however, because if such repair events occurred, I 
imagine they would occur often enough for a substantial defect to be seen in 
mus81Nhe mutants.  This is not the case as I have not observed any substantial SDSA 
defect or hypersensitivity to IR in these mutants.  However, I cannot eliminate 
these possibilities. 
 Among the progeny in the aborted SDSA class, I quantified the amount of 
repair synthesis prior to end joining, as in Adams et al. (Adams et al., 2003).  We 
did not detect any defect compared to wild-type in synthesis tract lengths of the 
mus81Nhe mutants (Fig. 2.4B).  My results indicate that MUS81-MMS4 is not 
required for repair of a double-stranded gap by SDSA.  This result and the lack of 
hypersensitivity to IR suggest that MUS81-MMS4 is not involved in DSBR.   
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MATERIALS AND METHODS 
Drosophila stocks  
 Flies were maintained on standard medium at 25◦C.  Experiments with mei-9 
used the allele mei-9A2, which is a nonsense mutation that eliminates detectable 
protein expression (Yildiz et al. 2004).  The mei-4129D mutation deletes 975 bp of 
coding sequence and has a 1-bp insertion resulting in a frameshift; it is also 
genetically null (Laurencon et al. 2003). 
Generating Mutations in mus81 and mms4 
 A 3.9-kb fragment containing mus81 and portions of the adjacent genes was 
cloned into pTV2.  The 16-bp sequence between two PstI sites in mus81 was 
replaced with an I–SceI recognition sequence.  A 16-bp sequence containing an in-
frame stop codon and an NheI site was inserted into a BglII site at codon 130.  
Ends-in targeting was conducted to generate integrations into the mus81 locus, 
resulting in a tandem duplication in which one copy of mus81 carried the 
insertion. Collapse of the tandem duplication, as in Rong and Golic (2000), 
produced the mus81Nhe allele (Figure 2.1A).  To generate a mutation in mms4, I 
obtained the P-element line P {SUPor-P, y+w+}KG06402 from the Bloomington 
Drosophila Stock Center.  I generated males that carried P {SUPor-P, 
y+w+}KG06402 /CyO, H{w+,∆2-3} to induce germline excision and crossed them 
to y w1118 females.  Cy+ male progeny were screened for those that had lost the y+ 
and/or w+ markers on the P element.  A total of 228 males, each independent of 
one another (which I know because they were either from a different vial or 
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exhibited different phenotypes, for example from one vial I collected a y w+ male 
and a y+w male), were crossed to generate progeny and then subjected to PCR to 
identify lines carrying deletions extending into mms4.  I obtained three deletions: 
mms4ex1, mms4ex2, and mms4ex3, which delete 839, 757, and 602 bp, respectively, 
of 958 coding base pairs in the gene (Figure 2.1B).  I used mms4ex1 in the 
experiments described below. 
Meiotic crossing over 
 Virgin females heterozygous for a series of markers on chromosome 3 (cu sr 
e Pr ca) were crossed to tester males (cu sr e ca) and progeny were scored for the 
five phenotypes.  The female parents were w1118 (control), y mus81Nhe w1118, w1118 
mei-9A2, or y mus81Nhe w1118 mei-9A2.  The white-eye phenotype of w1118 precluded 
scoring the claret-eye phenotype in males, so only female progeny were scored.  
Statistical comparisons were done for each pair of genotypes.  For each interval, a 
χ
2 test was conducted to compare the number of progeny with a crossover in that 
interval vs. the number of progeny without a 
crossover, for each interval.   
Sensitivity to DNA-damaging agents 
 Crosses were designed to give a 1:1 ratio of mutant: control progeny.  In 
most of the experiments, mus81Nhe mutant males were crossed to C(1)DX, y f/Y 
virgin females to generate mus81Nhe (mutant) males and C(1)DX, y f/Y (control) 
females.  In some cases, mus81Nhe males were crossed to Df(1)AD11/FM7 or 
Df(1)AD11/y cv v f  virgin females, and female progeny, which were either 
mus81Nhe /Df(1)AD11 (hemizygous mutant) or mus81Nhe/+ (control), were counted.  
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For mms4, homozygous mms4ex1 virgin females were crossed to 
Df(2R)E3363/CyO males.  Parents were allowed to mate and lay embryos in the 
first brood for 3 days and then transferred to the second brood and allowed to 
lay for 2 days before being removed.  The first brood was left untreated (except 
in the case of CPT in which they were mock treated, described below).  One day 
after removal of the parents from the second brood, the larvae were treated with 
a DNA-damaging agent.  For UV and IR larvae were irradiated.  For all other 
agents, 250 µl of a solution of the agent being tested was added to the food and 
ingested by feeding larvae.  Adults were counted 9–17 days after removal of 
parents.  To determine relative survival, the ratio of mutant: control was 
determined and then normalized to the mutant: control ratio found in untreated 
vials.  All agents were dissolved in water except CPT.  A stock solution of 5 mg/ml 
CPT in DMSO was made and this was diluted into 10% ethanol/2% Tween 20 in 
water.  Mock treatment solution containing everything except CPT was added to 
the control brood.  For MMS, HU, nitrogen mustard, and CPT, the broods are 
vials with standard food.  In the UV and IR sensitivity assays, broods are grape-
juice agar plates.  UV sensitivity assays were performed by separating third instar 
larvae from the grape-juice agar, arranging them in a single layer, then irradiating 
them in a Stratalinker (Stratagene, La Jolla, CA) as in Radford et al. (2005).  The 
IR sensitivity assay was performed using a Gammator 50 irradiator at a dose rate 
of 225 rad/min, after which larvae were transferred to bottles containing standard 
food. 
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 Data from sensitivity tests with HU, HN2, and CPT were collected through 
four to seven independent experiments, each including seven to ten independent 
vials.  UV data was collected through two to five independent experiments.  The 
IR sensitivity test was only completed once, so statistical tests were not carried out 
for IR data.  The same is true for the low dose (0.04%) of MMS, while the higher 
MMS dose (0.08%) was administered in two independent experiments, each with 
10 individual vials. 
 Methods of DNA damage:  CPT blocks topoisomerase I after it cleaves DNA 
but before religation at replication forks, leading to DSBs during replication.  HU 
inhibits ribonucleotide reductase, which leads to depletion of dNTP pools and 
stalling of replication forks.  UV, MMS, and nitrogen mustard all damage DNA in 
ways that can block progression of replication forks.  UV induces pyrimidine 
dimers and 6-4 photoproducts which can block replication and transcription.  
MMS is an alkylating agent that methylates adenine which blocks replication.  
Nitrogen Mustard produces alkylguanines and DNA interstrand crosslinks (ICLs).  
ICLs can also block replication and transcription, allowing accumulation of DNA 
intermediate structures. 
DSB repair assay 
I employed a repair assay in which a DSB is generated after excision of a P{wa} 
element from the male X chromosome (Adams et al., 2003, Kurkulos, 1994 #748, 
McVey, 2004 #2412; McVey et al., 2004b)}.  Excision results in a 14-kb gap 
relative to the sister chromatid.  This gap is usually repaired SDSA, which produces 
progeny with red eyes when complimentary LTRs (which flank copia) anneal.  
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Aborted SDSA results in progeny with yellow eyes.  Single y mus81Nhe w P{wa}; 
T(Y:3) TMS, Sb, P{ry+, ∆ 2-3} males were crossed to y w P{wa} virgin females, and 
daughters were scored for eye color.  A control cross, in which the males were not 
mutant for mus81, was also conducted.  Chi-square tests were performed to 
determine statistical significance. 
 DNA from the progeny of yellow-eyed females (indicating aborted SDSA) 
were analyzed by PCR in order to compare the aborted SDSA events in wild-type 
and mutant flies.  Yellow-eyed females were crossed singly to FM7w males 
(although they could be crossed to any male) and a white-eyed son was collected 
for analysis of the synthesis tract.  The white-eyed sons are those that have the 
aborted SDSA event/Y, so it is easy to analyze through PCR as it is hemizygous.  
Genomic DNA was prepared from these single male flies containing the aberrant 
repair product.  To ensure that each event is independent, only one yellow-eyed 
female was collected from each vial.  A series of PCR reactions was performed to 
measure the amount of synthesis that occurred from the right side.  PCR reactions 
contained 10 mM Tris-HCl pH 9.0, 50 mM KCl, 2.5 mM MgCl2, 0.1% Triton X-
100, 1.25 µM each primer, 250 µM dNTPs, 2 µl of the genomic DNA prep and 
Taq DNA polymerase in a 20 µl volume.  The first PCR will give a product if at 
least 5 bp of synthesis occurred.  The next reaction will give a product if 920 bp 
of synthesis occurred.  Further reactions give products when repair synthesis went 
2.4 kb or 4.7 kb.  PCR products were analyzed by agarose gel electrophoresis 
followed by ethidium bromide staining.  Positive and negative controls were 
included in each set of reactions. 
CHAPTER 3: 
INVESTIGATING THE CAUSE OF SYNTHETIC LETHALITY OF mus81; mus309 
 
 
INTRODUCTION 
 
 In S. cerevisiae, mutations in either MUS81 or MMS4 are synthetically lethal 
with mutations in the RecQ helicase-encoding gene SGS1 (Mullen et al., 2001).  
Similarly, mutations in S. pombe mus81 are synthetically lethal with rqh1 
mutations (Boddy et al., 2001).  There are three RecQ helicase genes in 
Drosophila:  RecQ4, RecQ5, and mus309 (Sekelsky et al., 2000).  Mutations in 
RecQ4 have not been reported, while mutations but no defects have been 
detected in RecQ5 mutants (MD Adams, M McVey, and JS, unpublished data).  
Mutations in mus309, which encodes the ortholog of the Bloom syndrome 
helicase Blm (Kusano et al., 1999), result in hypersensitivity to MMS and IR, 
defects in DSB repair, maternal-effect embryonic lethality, increased crossovers in 
proliferating cells, and impaired meiotic recombination (Beall and Rio, 1996; Boyd 
et al., 1981; Johnson-Schlitz and Engels, 2006; Kusano et al., 2001; McVey et al., 
2007; Min et al., 2004). 
 Four alleles of mus309 were used in this study:  mus309N1, mus309D2, 
mus309D3, and mus309N2.  Two of these, mus309N1 and mus309N2, were created 
in the Sekelsky lab through P-element excision (McVey et al., 2007).  mus309N1 is 
missing all of exon 1 and most of exon 2 and the remainder of the gene is out
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 of frame, so it is a null allele.  mus309N2  is a deletion allele predicted to remove 
the N-terminal 566 residues, but not the helicase domain  (McVey et al., 2007).  
This allele is null or nearly so in the P{wa} DSB repair assay, but hypomorphic with 
respect to hypersensitivity to IR and early embryonic function.   
 
 
 
 
 
 
 
 
Figure 3.1 mus309 alleles.  A schematic of wild-type DmBLM is shown.  The yellow 
region is the RecQ helicase core which contains 7 conserved helicase motifs and regions of 
homology to other RecQ helicases.  Predicted products of the alleles used in this study are 
denoted above and below, with null alleles indicated above the schematic, and 
hypomorphic or separation of function alleles indicated below.  Deleted regions are 
denoted with a  bar with deleted residues indicated.  A null allele, mus309N1, is missing all 
of exon 1 and most of exon 2 with the remainder of the gene out of frame.  Another null 
allele, mus309D2, harbors a nonsense mutation resulting in a premature stop codon.  The 
presumed helicase-dead allele, mus309D3 harbors a point mutation in one of the 
conserved helicase motifs resulting in a transition from DEAH  DKAH.  mus309N2 is 
missing a large portion of the second exon.   
 
 I obtained the other two alleles,  mus309D2 and mus309D3, from the Sekelsky 
lab stocks and they were created through an EMS mutagensis screen and selected 
by hypersensitivity to MMS (Boyd et al., 1981).  mus309D2 is a nonsense mutation 
and is a null allele, while mus309D3 is presumed helicase-dead as it harbors a 
missense point mutation in one of the conserved helicase motifs  (DEAHDKAH).  
The mus309D3 allele is a missense mutation that changes the glutamic acid residue 
in the conserved DEAH motif to lysine, and is predicted to abolish helicase activity 
mus309D2
W922ter
mus309N1
∆1-791 (deletion includes 5’UTR)
mus309D3
E866K
mus309N2
∆1-567 (34 new aa at N terminus)
DEAH 14871
STOP
RecQ helicase core
Figure 3.1 mus309 alleles
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(Kusano et al., 2001).  This allele is amorphic with regard to the early embryonic 
function of DmBlm, antimorphic in the P{wa} DSB repair assay, and hypomorphic 
in tests of hypersensitivity to IR (McVey et al., 2007). 
 Both Mus81-Mms4/Eme1 and Blm/Sgs1/Rqh1 have been implicated in 
processing of perturbed RFs (Boddy et al., 2001; Boddy et al., 2000; Ciccia et al., 
2003; Constantinou et al., 2002; Doe et al., 2002; Ii and Brill, 2005; Liberi et al., 
2005; Whitby et al., 2003).  In vitro, Mus81-Mms4/Eme1 has been shown to 
cleave various types of perturbed RF structures (reviewed in (Osman and Whitby, 
2007)).  Sgs1 has been shown to be involved in processing recombination-
dependent structures that accumulate at damaged RFs (Liberi et al., 2005).  BLM 
performs HJ branch migration in vitro (Karow et al., 2000a).  This branch 
migration property is indicative of a role in RF repair because in the case of a 
blocked RF due to damage on the template, the leading and lagging strands can 
anneal to form an HJ (Higgins et al., 1976) then BLM can facilitate branch 
migration to reestablish the RF structure (Karow et al., 2000b).  Additionally, 
both mus81 and blm/sgs1/rqh1 mutants are sensitive to agents that stall, block, or 
damage RFs (Abraham et al., 2003; Bastin-Shanower et al., 2003; Boddy et al., 
2000; Dendouga et al., 2005; Doe et al., 2002; Hiyama et al., 2006; Interthal 
and Heyer, 2000; Mullen et al., 2000; Yamagata et al., 1998).  Mus81 has also 
been shown to localize to regions of DNA damage specifically during S-phase in 
human cells, to colocalize with BLM in nucleoli (Gao et al., 2003), and both 
Mus81 and BLM exhibit increased abundance in replicative and post replicative 
cells (Chen et al., 2001; Gao et al., 2003).  Mus81 and Blm have been shown to 
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phycially interact in vivo and colocalize at stalled RFs (Gao et al., 2003; Zhang et 
al., 2005).  Collectively, these results provide strong evidence for involvement of 
Mus81 and Blm in processing perturbed RFs. 
 I hypothesize that endogenous damage (possibly a variety of problems 
occurring at RFs) occurs which requires processing by either MUS81 or DmBlm.  In 
the absence of both, cells that undergo levels of damage above a tolerable 
threshold do not survive.  In mus81Nhe; mus309N1, too many cells die due to this 
unrepaired endogenous damage and the organism itself cannot survive.  I 
observed elevated apoptosis in mus81Nhe; mus309N1 double mutants.  To 
determine if the apoptosis was damage-induced, I assayed for this phenotype in a 
p53 mutant background. 
 In Drosophila, p53 (Dmp53) is thought to be required for DNA damage-
induced apoptosis (Brodsky et al., 2000; Ollmann et al., 2000).  In humans, p53 
is a tumor suppressor protein which responds to genotoxic stress (May P, 1999). 
Dmp53 binds specifically to sites that are also recognized by human p53 providing 
evidence that Dmp53 is orthologous to human p53 (Ollmann et al., 2000).  
Expression of a dominant negative Dmp53 has been shown to suppress radiation-
induced apoptosis (Brodsky et al., 2000), overexpression of Dmp53 induces 
apoptosis, and inhibition of Dmp53 confers resistance to X ray–induced 
apoptotosis (Ollmann et al., 2000).  There is a requirement for Dmp53 in 
damage-induced apoptosis but not in developmentally-regulated programmed cell 
death (Brodsky et al., 2004; Jaklevic and Su, 2004; Lee et al., 2003).  I used a 
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deletion allele, p535A-1-4, to find support for my hypothesis that endogenous 
damage is causing cell death in these double mutants. 
Additional insight into the cause of synthetic lethality can be gained from 
genetic interactions with Rad51.  Lethality of budding yeast sgs1∆ mus81∆ mutants 
is rescued in strains that are unable to exchange DNA strands for homologous 
recombination, such as rad51 mutants (Bastin-Shanower et al., 2003; Fabre et al., 
2002).  Rad51 mediates pairing of homologous DNA and strand exchange in both 
meiotic and mitotic cells (reviewed in (Sung et al., 2003)).  Rad51 is necessary for 
homology directed DSB repair as loss of Rad51 prevents homologous 
recombination from occurring.  BLM and Sgs1 can physically interact with Rad51 
(Wu et al., 2001) and Rad51-dependent structures accumulate at damaged RFs in 
sgs1 mutants (Liberi et al., 2005).  The Drosophila ortholog of RAD51 is spn-A 
(Staeva-Vieira et al., 2003).  The allele used in this study, spn-A093A, is a protein 
null allele as there is no detectable protein by Western analysis (Staeva-Vieira et 
al., 2003).  spn-A mutants are incapable of repairing a double-stranded gap 
through SDSA (McVey et al., 2004a), presumably because they are incapable of 
strand invasion needed for HR repair.  I found that the absence of HR in spn-A093A 
mutants results in suppression of some of the synthetic lethality observed in 
mus81Nhe; mus309.  This chapter will discuss the synthetic lethality of mus81 and 
mus309 null mutations and what I’ve done to gain understanding of the cause of 
this lethality. 
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RESULTS AND DISCUSSION 
mus81 and mms4 are synthetically lethal with mus309 null mutants  
 I was interested in studying the relationship of the Mus81 endonuclease and  
Bloom helicase in Drosophila.  I designed crosses to generate mus81Nhe; mus309  
Figure 3.2 Synthetic lethality between mutations in mus81 and mus309 and 
suppression of lethality by spn-A mutation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2.  Synthetic lethality between mus81 and mus309 mutations and suppression of 
synthetic lethality in a spn-A mutant background.  Percent of expected double (or triple) 
mutant progeny observed is shown.  Both mus81 and mms4 mutations exhibit synthetic 
lethality with null mutations of mus309 (1 and 2), but not with the hypomorphic allele, 
mus309N2  (3).  Genotypes are: 1) mus81Nhe;mus309N1/mus309D2,  2) mms4ex1; mus309N1 3) 
mus81Nhe; mus309N1/mus309N2  and 4) mus81Nhe;mus309N1 spn-A093/mus309D2 spn-A093.  
Note that the genotypes in (1) and (4) are identical except for the addition of spn-A093, 
showing that the spn-A mutation suppresses synthetic lethality.  Raw numbers for the 
complete data set can be found in Table 3.1.  Expected values were calculated based on 
control crosses where the fathers were wild-type for mus81 and otherwise the same 
genotypes as experimental crosses.  Maternal genotypes were identical in both control 
and experimental crosses. 
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double mutants.  Double mutants with null alleles of mus309 were completely 
inviable (Figure 3.2 and Table 3.1).  Likewise, mms4ex1 is also synthetically lethal 
with the null mutation mus309N1(Figure 3.2 and Table 3.1). 
 To gain more insight into the basis of the synthetic lethality, I tested non-null 
alleles of mus309.  mus81Nhe; mus309D2 or N1/mus309D3 double mutants were 
completely inviable in one cross (Table 3.1), but in a cross that was identical 
except for the chromosome 3 balancer used, about 50% of the double mutants 
survived to adulthood, though both males and females were sterile (data not 
shown). 
Table 3.1 Synthetic lethality between mus81 and mus309 mutations 
   Double mutants  
Maternal genotypea Paternal genotypea Balancedb Exp.c Obs.d Survival (%) 
mus81; mus309D2 
TM3 
mus81; mus309D3 
TM3 
1024    974 0 0 
mus81; mus309N1 
TM3 
mus81; mus309D3 
TM3 
2489 2200 0 0 
mus81; mus309N1  
TM3 
mus81; mus309D2 
TM3 
590 666 0 0 
mus81; mus309N1 
TM3 
mus81; mus309N2 
TM3 
1924 1138 938 83 
mms4; mus309N1 
TM3 
mms4; mus309D2 
TM3 
3984 1353 0 0 
mus81; mus309N1 spn-A 
TM3 
mus81; mus309D2 spn-A 
TM3 
1710 1094 735 67 
 
a Alleles used were mus81Nhe, mms4ex1, and spn-A093. mus309 alleles are indicated. 
b Number of progeny carrying the TM3 balancer and therefore heterozygous for the 
mus309 chromosome. 
c The expected number is based on the number of balanced progeny, normalized to 
the ratio measured in the control crosses 
(identical except that the fathers did not carry a mus81 or mms4 mutation). 
d Number of double-mutant progeny observed (triple mutant, in the case of mus81; 
mus309 spn-A). 
 
 I also tested for synthetic lethality with the mus309N2 allele.  The majority of 
mus81Nhe; mus309N2/mus309N1 double mutants survive to adulthood (Figure 3.2 
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and Table 3.1).  I observed 83% of expected double mutants, so it appears that 
mus309N2 is also hypomorphic with respect to synthetic lethality with mus81Nhe.  
Although I did not quantify fertility rates for these double mutants, both males 
and females are fertile. 
Figure 3.3 mus81Nhe; mus309N1 double mutant larvae exhibit melanotic tumors 
 
Figure 3.3. mus81Nhe; mus309N1 double mutant larvae exhibit melanotic tumors.   
Representative 3rd instar larvae are shown.  All mus81Nhe (A), and most mus309N1 (B) 
larvae appear normal, while the majority of mus81Nhe;mus309N1 larvae (C) have one or 
more black patches which are most likely melanotic tumors (examples marked with 
arrows).  Upon dissection of mus81Nhe;mus309N1 3rd instar larvae these patches come out 
as isolated masses.  One of these is shown in (D). 
 
Table 3.2 mus81Nhe; mus309N1 survive to pupal stages 
Genotype: on 3rd     . 
on X  
mus309N1 
TM6B 
mus309N1 
mus309N1 
% of expected 
mutants 
mus81Nhe w1118              _ 
mus81Nhe w1118 or Y 
 
1541 
 
1184 
 
101 
 
w1118              . 
w1118 or Y 
 
267 
 
203 
 
100 
Table 3.2. mus81Nhe;mus309N1 survive to pupal stages.  Raw numbers of pupae scored 
are shown. 
mus309 
mus81; mus309 
mus81
  
A    B 
C    D 
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 Although double mutants with null alleles of mus81 and mus309 cannot 
survive to adulthood, I have observed double-mutant pupae, often as pharate 
adults, indicating that double mutants can survive through most of development.  
In double-mutant larvae I often see black spots, which are most likely melanotic 
tumors (Fig. 3.3).  Melanotic tumors are thought to form as part of a cellular 
defense response which can be caused by genetic lesions (Watson et al., 1991).  
Out of 52 y mus81Nhe w; mus309N1 larvae, 35 y mus81Nhe w; mus309N1 larvae 
(67%) had at least one black patch (many had more than one), and out of 50 
each of y mus81Nhe w and w; mus309N1, 0 y mus81Nhe w and 3 w; mus309N1 larvae 
(0 and 6% respectively) exhibited this phenotype. 
 I scored mus81Nhe; mus309N1 pupae for survival by carrying mus309N1 over a 
TM6B balancer chromosome containing a dominant marker, Tubby (Tb), in a 
mus81Nhe background.  Tb is detectable in late larval and pupal stages.  
Comparison with a mus309N1/TM6B stock shows that 101% of expected mus81Nhe; 
mus309N1 double mutants survive to pupae (Table 3.2).  Pupal lethality often 
results from disrupted cell proliferation (Gatti and Baker, 1989).  This occurs when 
maternally-deposited mRNA and protein is sufficient for development through 
embryogenesis, but not for post-embryonic proliferation of diploid tissues.  Most 
larval growth is due to increases in cell size and ploidy rather than mitosis, so the 
mutant larvae grow and pupate.  In contrast, proliferation of diploid imaginal 
tissues and cells in the central nervous system can be impaired in some mutants, 
resulting in a “discless” phenotype.  I dissected double mutant larvae and did not 
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detect any reductions in size of imaginal discs or the ventral ganglion (data not 
shown), suggesting that cell proliferation is not severely defective in mus81; 
mus309 double mutants.  While cell proliferation appears normal, it is possible 
that cells are undergoing spontaneous damage that can lead to cell death when 
the damage goes unrepaired in mutants, which would be in accordance with my 
hypothesis.  To gather support for this idea, I looked at levels of apoptosis in these 
mutants.  
Elevated apoptosis in mus81Nhe ; mus309N1 mutants 
 Pupal lethality may result from elevated cell death.  I hypothesized that in 
the absence of both MUS81 and DmBlm, there is an inability to repair some types 
of endogenous DNA damage, leading to cell death in cells experiencing these 
types of damage, and ultimately leading to organismal death.  To test this 
hypothesis, I quantified the number of cells in wing imaginal discs that were 
undergoing apoptosis (Figure 3.4).  There was no significant difference between 
wild-type and mus81 single mutants (P = 0.26), but apoptosis was increased 3-4-
fold in mus309N1 single mutants (P < 0.0001 compared to wild type or mus81).  
Apoptosis was highly elevated in mus81; mus309N1 double mutants, about 15-fold 
over wild-type and four-fold over mus309N1 single mutants (P < 0.0001 for both 
comparisons).  I did not detect any developmental delay in the double mutants, 
suggesting that the increased apoptosis is due to genome damage rather than 
sampling different developmental stages.  To further support my hypothesis, I 
wanted to confirm that this was damage-induced apoptosis. 
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Figure 3.4 Apoptosis in proliferating tissues is elevated in mus81;mus309  
 
 
 
 
 
 
 
A        B 
Figure 3.4.  Apoptosis in proliferating tissues is elevated in mus81; mus309.  (A) Wing 
imaginal discs from mature third instar larvae, stained with an antibody that recognizes 
cells undergoing apoptosis.  Representative discs from four different genotypes are 
shown. The mus309N1 null allele was used in all cases. (B) Quantification of apoptosis in 
wing discs from larvae of various genotypes. Genotypes are given below the graph. Each 
bar represents the mean number of apoptotic cells per disc (n= 10, 5, 15, and 12, left to 
right).  Error bars are standard error of the mean.   
 
 
Elevated apoptosis in mus81Nhe ;mus309N1 mutants is suppressed by blocking p53-
dependent apoptosis 
 
 It has been reported that Dmp53 is required for DNA damage-induced 
apoptosis (Brodsky et al., 2000; Ollmann et al., 2000).  Since I hypothesized that 
lethality is caused by endogenous DNA damage leading to elevated apoptosis in 
mus81Nhe ;mus309N1, I would expect the apoptosis to be damage-induced, and 
thus, Dmp53 dependent.  In order to test this, I created triple mutants of 
mus81Nhe;mus309N1 p535A-1-4   and measured levels of apoptosis.  I observed a large 
decrease in the level of apoptosis in mus81Nhe; mus309N1 p535A-1-4 triple mutants as 
compared to mus81Nhe; mus309N1 (Fig. 3.5).  However, the suppression is not 
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complete.  This may be due to maternal contribution of p53, or a p53-
independent pathway for apoptosis, which has been proposed (Steller, 2000). 
Figure 3.5 Elevated apoptosis in mus81; mus309  is suppressed in p53  mutants 
 
 
 
 
 
A        B 
 
Figure 3.5. Elevated apoptosis in mus81; mus309 is suppressed in p53 mutants.  (A) Wing 
imaginal discs from mature third instar larvae, stained with an antibody that recognizes 
cells undergoing apoptosis.  Representative discs from four different genotypes are 
shown. The mus309N1 null allele was used in all cases. (B) Quantification of apoptosis in 
wing discs from larvae of various genotypes. Genotypes are given below the graph. Each 
bar represents the mean number of apoptotic cells per disc (n= 5, 4, 5, 12, and 8, left to 
right).  Error bars are standard error of the mean.   
 
Synthetic lethality is suppressed by preventing homologous recombination 
 In S. cerevisiae, synthetic lethality between sgs1 and mus81 is suppressed by 
preventing homologous recombination (HR) using a rad51 mutation (Fabre et al., 
2002).  The Drosophila ortholog of Rad51 is encoded by spn-A (Staeva-Vieira et 
al., 2003).  I found that synthetic lethality between mus81 and mus309 is partially 
suppressed by spn-A093A (Fig. 3.2 and Table 3.1).  This is a null allele thought to be 
incapable of the strand invasion step in the HR repair pathway.  I hypothesize that 
the prevention of strand invasion is in turn preventing formation of an 
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intermediate which is toxic in the absence of DmBlm.  This idea will be discussed 
in more detail in Chapter 4. 
Figure 3.6 Elevated apoptosis in mus81; mus309 is suppressed in spn-A mutants 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A        B 
 
Figure 3.6 Elevated apoptosis in mus81; mus309 is suppressed in a spn-A  mutants.  (A) 
Wing imaginal discs from mature third instar larvae, stained with an antibody that 
recognizes cells undergoing apoptosis.  Representative discs from four different genotypes 
are shown. The mus309N1 null allele was used in all cases. (B) Quantification of apoptosis 
in wing discs from larvae of various genotypes. Genotypes are given below the graph. 
Each bar represents the mean number of apoptotic cells per disc (n= 12, 11, 13, 12, and 8, 
left to right).  Error bars are standard error of the mean.   
 
Elevated apoptosis in mus81Nhe; mus309N1 mutants is suppressed by preventing 
homologous recombination 
 
 I quantified the effects of spn-A mutations on apoptosis (Figure 3.6B).  
Apoptosis was elevated in spn-A single mutants relative to wild-type (P = 
0.0003), but not significantly different between spn-A single mutants, mus309N1 
spn-A double mutants, and mus81; spn-A double mutants (P > 0.3 for each 
comparison).  Notably, apoptosis was lower in spn-A single mutants and 
mus309N1 spn-A double mutants than in mus309N1 single mutants (P = 0.0049 and 
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0.0003, respectively), indicating that spn-A is epistatic to mus309.  Consistent 
with this interpretation, we found that apoptosis was decreased in mus81; 
mus309N1 spn-A triple mutants, relative to mus81; mus309N1 double mutants (P = 
0.0017); however, the level in the triple mutants was still significantly higher than 
that in spn-A single mutants (P < 0.0001), suggesting that spn-A is only partially 
epistatic to mus81 and mus309.  Interpretations of this finding are discussed in 
Chapter 4. 
MATERIALS AND METHODS 
Drosophila stocks  
 Flies were maintained on standard medium at 25◦C.  Experiments with spn-A 
used the spn-A093A allele which is a nonsense mutation that eliminates detectable 
protein expression (Staeva-Vieira et al. 2003).  Several alleles of mus309 were 
used; these are described in the text (see pages 29-30).  p535A-1-4  is a 3.3 kb 
deletion (Rong et al., 2002) 
Synthetic lethality 
 Crosses were set up with parents homozygous for mus81Nhe or mms4ex1 and 
heterozygous for mus309 (mus309 and spn-A alleles were carried over a TM3 
balancer chromosome in the mus81Nhe background and MKRS in the mms4ex1 
background).  The progeny were scored for survival to adulthood.  Genotypes for 
experimental crosses are shown in Table 2.  Control crosses were set up using 
females with the same genotype as those used in the experimental crosses and 
males that had wild-type mus81 and were heterozygous for mus309 (carried over 
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the same balancer as used in the experimental crosses).  Since mus81 is on the X 
chromosome, the male progeny of the control cross were mus81Nhe mutants; 
therefore, only female progeny were used in calculations.  Crosses to test for 
suppression of synthetic lethality by spn-A093A were identical except for the 
addition of spn-A093A to the mus309N1 and mus309D2 chromosomes. 
Pupal lethality and melanotic tumors in larvae 
 A stock was set up with mus81Nhe; mus309N1/TM6B.  TM6B carries a 
dominant maker, Tubby (Tb), which can be scored in pupae and late larval stages.  
The progeny were scored for survival to pupal stages.  Genotypes of pupae 
counted are shown in Table 3.2.  The control stock was mus309N1/TM6B.  The 
ratio of Tb to Tb+ flies in mus81Nhe; mus309N1/TM6B was compared to the ratio in 
the control stock to calculate the % of expected mutants.  In the mus81Nhe; 
mus309N1/TM6B stock, I often observed mus81Nhe; mus309N1 larvae with black 
patches of random size, shape, and location (which are presumed to be melanotic 
tumors).  To determine if this was specific to the double mutant, I quantified the 
number of larvae out of 50 larvae which had at least one visible melanotic tumor 
for each of mus81Nhe, mus309N1, and mus81Nhe; mus309N1 larvae.  Also, in the 
siblings of mus81Nhe; mus309N1 larvae, mus81Nhe; mus309N1/TM6B , I did not 
observe any melanotic tumors.  Pictures were taken using a Nikon Coolpix 995 
camera (zoomed in at F5.0) on a Leica dissecting microscope at 16X magnification. 
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Apoptosis measurements 
 Wing imaginal discs were dissected from wandering third-instar larvae in 
Ringer’s solution and fixed for 45 minutes in 4% formaldehyde and PBT (PBS 
with 0.1% Triton-X).  The wing discs were washed and blocked in PBT with 5% 
bovine serum albumin (BSA).  They were then incubated overnight with 1:500 
dilution of rabbit anti-human cleaved caspase-3 (Asp1175) antibody (Cell Signaling 
Technology, Inc.) in PBT at 4oC.  Wing discs were washed with PBT then 
incubated for two hours at room temperature with 1:1000 secondary goat anti-
rabbit fluorescein-conjugated antibody (Molecular Probes), washed again, then 
stained with 10 µg/mL DAPI in PBT.  Discs were then fine dissected and mounted  
on microscope slides with Flouromount-G (Southern Biotechnology Associates, 
Inc.).  Discs were visualized using TRIT-C and FIT-C filter of a Nikon Eclipse E800 
fluorescent microscope.  Quantification was performed on images of 4-15 wing 
discs of each genotype.  Each disc was scored for the total number of caspase 
positive cells to obtain an average.  Standard errors were determined based on 
means and statistical significance was computed using an unpaired t test with 
Welch’s correction using InStat3 statistical software. 
 
 
 
 
 
 
 
 
CHAPTER 4: 
DISCUSSION 
 
 The results I have presented in this thesis address important questions about 
the function of MUS81-MMS4 in metazoans:  1) Is MUS81-MMS4 involved in 
meiotic recombination?  2) What types of DNA damage does MUS81-MMS4 play 
a role in repairing?  and 3) What is the source of synthetic lethality between 
mus81 and mus309 mutations? 
 Investigating MUS81-MMS4’s role in Drosophila is potentially useful for 
application to studies aimed at understanding of the function of Mus81 in 
mammalian systems, as phenotypes I have observed seem to more closely reflect 
phenotypes in mammalian mutants.  The role of Mus81 in meiotic recombination 
varies among different model organisms.  Mus81-Eme1 is required for meiotic 
crossovers in S. pombe (Boddy et al., 2001; Cromie et al., 2006; Osman et al., 
2003; Smith et al., 2003), a subset of crossovers in S. cerevisiae (de los Santos et 
al., 2003), and is not required at all in C. elegans.  In mice, Mus81-Eme1 does not 
appear to play a role in meiotic recombination as Mus81-/- mice are viable, fertile, 
and show no apparent defects in gametogenesis (Dendouga et al., 2005; 
McPherson et al., 2004).  To find the answer to my first question, I conducted 
experiments to look for a meiotic role of MUS81.  In flies, the majority of meiotic 
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recombination relies on a related endonuclease, MEI-9, but a subset of crossovers 
is MEI-9 independent (Yildiz et al., 2002).  In the absence of both MUS81 and 
MEI-9 crossing over still occurs (Fig. 2.2 and Table 2.1).  My analysis of meiotic 
recombination in mus81Nhe mei-9A2 has demonstrated that, unlike yeast, D. 
melanogaster MUS81 is not needed to resolve meiotic recombination 
intermediates.  Seeing that in D. melanogaster MUS81 is not required for meiotic 
recombination, there must be some other pathway leading to residual meiotic 
recombination events seen in mei-9 mutants.  In S. cerevisiae, there is still some 
crossing over in mms4∆msh5∆ double mutants, even though both major pathways 
for recombination are removed.  There may be a third, uncharacterized pathway 
through which crossovers can occur (Argueso et al., 2004).  Double mutant 
analysis of mms4∆msh5∆ and mms4∆mlh1∆ suggests that this third pathway yields 
deleterious crossovers.  Candidate genes whose products could function in this 
pathway have yet to be identified.  Another direction I could have taken this 
project in would be to search for mutations that eliminate the residual crossovers 
in mei-9 mutants.  However, a screen for mutants that eliminate crossovers in a 
mei-9 background would be a quite difficult task, and I was more interested in the 
function of MUS81-MMS4, therefore I chose to focus on MUS81-MMS4’s role in 
DNA repair. 
 To address my second question, I explored MUS81-MMS4’s functions in 
DNA repair.  There are models for DSB repair that involve branched DNA 
intermediates which are preferred substrates of Mus81 (Heyer, 2004; Osman et 
 47 
al., 2003).  I wanted to check for defects in DSB repair in mus81 mutants.  
Through both an IR sensitivity (Fig. 2.3) assay and P{wa} assay (Fig. 2.4) I 
determined that MUS81-MMS4 does not appear to function in DSB repair in 
Drosophila.  I conclude that MUS81-MMS4 is not required for HR during meiosis 
or for HR during DSB repair in mitotically dividing cells.  However, like yeast, 
MUS81 does function in some types of DNA repair.  Being a structure-specific 
endonuclease that is capable of cutting different branched DNA intermediates 
(Abraham et al., 2003; Bastin-Shanower et al., 2003; Boddy et al., 2001; Chen et 
al., 2001; Ciccia et al., 2003; Constantinou et al., 2002; Doe et al., 2002; Gaillard 
et al., 2003; Hollingsworth and Brill, 2004; Kaliraman et al., 2001; Osman et al., 
2003; Whitby et al., 2003), it is not surprising that its function can be utilized in 
more than one process.  In S. cerevisiae, Mus81-Mms4 functions in one of the 
pathways of meiotic recombination and there is also evidence for a role in rescue 
of stalled replication forks (Whitby et al., 2003). 
 In S. pombe, it is thought that DNA junctions at stalled or collapsed 
replication forks are processed by either Mus81-Eme1 or Rqh1 (Doe et al., 2002).  
Expression of RusA, a bacterial Holliday Junction resolvase, rescues synthetic 
lethality of mus81-rqh1- double mutants as well as hypersensitivity to HU, MMS, 
and UV light in mus81- and rqh1- single mutants (Doe et al., 2002).  Another 
future endeavor for this project is to express RusA in mus81 mutants and look for 
rescue of phenotypes such as synthetic lethality with mus309 and hypersensitivities 
to DNA damaging agents.  I measured the effect of various DNA damaging agents 
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on survival of mus81 mutants to adulthood.  I found that in flies, mutants for 
mus81 are hypersensitive to CPT (Fig. 2.3D) and to nitrogen mustard (Fig. 2.3E), 
but they are not highly sensitive to MMS, UV, HU, or IR (Fig. 2.3 A, B, C, and F).  
These hypersensitivity phenotypes support a role for MUS81-MMS4 in repairing 
blocked or damaged RFs.  The spectrum of agents to which Drosophila mus81 
mutants are hypersensitive is more similar to that of mouse Mus81-/- mutants than 
to fungal mus81 mutants. Nonetheless, each of these model organisms exhibits 
hypersensitivities that suggest a role in responding to damaged or blocked 
replication forks, and thus it appears that some important function is conserved, 
but that different response pathways are used to varying extents in different 
organisms. 
 To address the question about MUS81’s relationship with DmBlm, I first 
attempted to make mus81; mus309 double mutants and found synthetic lethality 
between null mutations in mus81 and mus309 (Fig. 3.2 and Table 3.1).  I found 
that these double mutants survive to pupal stages (Table 3.2) and that 67% of 3rd 
instar larvae have at least one melanotic tumor (Fig. 3.3).  I hypothesize that 
inability to repair blocked or damaged RFs in the absence of both MUS81 and 
DmBlm causes cell death ultimately leading to organismal death. 
 Null mus309 mutants exhibit hypersensitivity to MMS and IR, defects in DSB 
repair (Adams et al., 2003), and maternal-effect embryonic lethality (McVey et al., 
2007).  Similar defects are not detected in mus81 or mms4 single mutants.  This 
could be because MUS81-MMS4 participates in a backup pathway in a repair 
process in which DmBlm is important.  Alternatively, the synthetic lethality could 
 49 
be unrelated to phenotypes found in mus309 single mutants.  However, my 
observations of elevated apoptosis show that this is not completely true as 
mus309N1 mutants exhibit elevated apoptosis, and loss of MUS81 greatly enhances 
this phenotype (despite wild-type levels of apoptosis in mus81 single mutants) (Fig 
3.4).  I showed that the majority of the apoptosis in mus81; mus309 double 
mutants was Dmp53-dependent (Fig 3.5).  It is possible that maternal contribution 
of Dmp53 is responsible for the remaining apoptotic cells in the mus81; mus309 
p53 triple mutants.  I can test this by looking at apoptosis in progeny of mus81; 
mus309 p53/p53 mothers.  This would eliminate the maternal contribution of 
Dmp53.  A preliminary test was done to address this possibility, and in offspring 
of mus81; mus309 p53/p53 mothers, I did not see any apoptosis (but there was 
no positive control done in parallel, so no firm conclusions can be drawn at this 
point).  Repeating this test with a positive control is the next step in determining 
with more certainty if maternal contribution of Dmp53 is responsible for the 
residual apoptosis in mus81; mus309 p53 mutants.  Alternatively, if the remainder 
of apoptotis is not due to maternal contribution, there is still a possibility that it is 
due to damage-induced apoptosis, just not Dmp53 dependent apoptosis.  The 
reports of Dmp53’s requirement for DNA damage-induced apoptosis showed that 
IR-induced apoptosis is rescued in p53 mutants (Brodsky et al., 2004; Lee et al., 
2003; Ollmann et al., 2000; Sogame et al., 2003).  This does not consider 
endogenous damage, which is generally of a different nature than the damage 
caused by IR.  Despite the lack of full rescue, these results are in support of my 
hypothesis.  We still do not know precisely what is causing the apoptosis, but my 
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data provides support for the hypothesis that it is being caused by unrepaired 
endogenous DNA damage. 
 DNA damage occurs in proliferating cells for many different reasons.  When 
damage occurs at or near replication forks, there may be multiple routes for 
repair.  If the damage is not repaired directly, the fork can regress to form a 
Holliday Junction (Higgins et al., 1976) and reviewed in (Lusetti and Cox, 2002)).  
Blm is capable of performing HJ branch migration to restore an intact RF (Karow 
et al., 2000b).  MUS81 may be capable of processing a blocked RF by cutting.  If 
both these activities are occurring in vivo, either alternative method may be used 
in each of the single mutants.  In the absence of both, however, the DNA may 
have no way to restore the proper RF structure, which could cause cells 
experiencing this to die.  In turn, widespread cell death could lead to organismal 
death.  This would explain the synthetic lethality.  This is supported by the 
observation that mus81Nhe; mus309N1 double mutants have a greatly elevated level 
of apoptosis. 
 Insight into the source of synthetic lethality comes from the finding that a 
null mutation in spn-A, which encodes the Drosophila ortholog of Rad51, partially 
suppresses the lethality and elevated apoptosis of mus81; mus309 double mutants 
(Fig. 3.2, Table 3.1, and Fig 3.6).  This is also true in fungi, where synthetic 
lethality between sgs1 and mus81 is suppressed by mutation in RAD51 (Bastin-
Shanower et al., 2003; Fabre et al., 2002).  One interpretation of this result is that 
Rad51 leads to formation of a repair intermediate that must be processed by 
either a RecQ helicase or the Mus81 endonuclease, and that loss of Rad51 results 
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in use of a different repair pathway that does not require these enzymes.  Another 
report from S. cerevisiae suggests a model more similar to ours in which Mus81 
acts independently of Rad51 (Ii and Brill, 2005).  
 
Figure 4.1.   Conceptual model for roles of DmRad51, DmBlm, 
and MUS81 in repair of spontaneous lesions 
 
 
 
 
 
 
 
Figure 4.1.  Conceptual model for roles of DmRad51, DmBlm, and MUS81 in repair 
of spontaneous lesions. (A) Type I lesions are normally processed by DmRad51 into 
an  intermediate that is further processed by DmBlm. Our data do not reveal any 
evidence for a role of MUS81 in repairing this type of lesion.  (B) Type II lesions are 
processed by either of two pathways, one requiring MUS81 and the other requiring 
DmBlm.  Our data do not reveal a role for DmRad51 in repairing this type of lesion. 
 
 
 Johnson-Schlitz and Engels also found synthetic lethality between Drosophila 
mus81 and mus309, but they found that spn-A mutations did not suppress this 
lethality (Johnson-Schlitz and Engels, 2006).  A likely explanation is that they used 
spn-A1, which is a hypomorphic allele (Gonzalez-Reyes et al., 1997), whereas I 
used the protein-null allele spn-A093 (Staeva-Vieira et al., 2003).  Another possible 
explanation for the difference between our results is that they used a mus81 
deletion that also removes the adjacent gene, CG3703.  Although the function of 
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this gene is unknown, the protein it encodes is highly conserved and contains a 
RUN domain characteristic of proteins involved in Ras-like GTPase signaling.  It is 
also possible that strain differences account for the different results.  Several 
observations support this idea.  First, I did not obtain full rescue of synthetic 
lethality or elevated apoptosis phenotypes in mus81; mus309 spn-A triple 
mutants.  Our model explains this result (Fig 4.1) proposing that type II lesions do 
not require DmRad51 for repair.  However, it is possible that in the absence of 
both MUS81 and DmBlm, type II lesions could be converted to type I lesions.  
Secondly, the genotype mus81; mus309D3/mus309D2 was fully lethal in one genetic 
background, but only semi-lethal in another (data not shown), showing that strain 
differences can allow for variable results.  Thirdly, this group previously reported 
partial male sterility in mus309 mutants (Kusano et al., 2001), yet in subsequent 
studies, males of the same genotype were used to obtain progeny (Johnson-Schlitz 
and Engels, 2006).   All the mus309 single mutants used in my studies are male 
fertile.  These strain differences could be responsible for some of the variation in 
phenotypes observed by me and researchers in the Engels lab. 
 My hypothesis is that DmRad51-dependent repair of type I lesions involves a 
branched DNA intermediate which requires processing by DmBlm in order to 
complete repair.  In the absence of DmBlm, DNA intermediates created through 
strand invasion by DmRad51 get stuck in this branched structure with no way to 
complete repair, leading to increased apoptosis observed in mus309N1.  In the 
absence of DmRad51, however, the branched intermediate is never created and 
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an alternate, DmRad51-independent, repair pathway is utilized (although this 
pathway could be deleterious in some cases and could also contribute to a slight 
increase in apoptosis).  The apoptosis levels of mus309N1 and mus309N1 spn-A 
reveal that spn-A is epistatic to mus309.  This is supported by evidence from S. 
cerevisiae, in which SGS1 and RAD51 also display epistatic interactions (Ii and Brill, 
2005).  Additionally, this study showed that MUS81 and RAD51 act independently 
and mus81 rad51 double mutants show more severe defects than either single 
mutant (Ii and Brill, 2005).  According to our model, the absence of MUS81 alone 
would not lead to increased apoptosis as type I lesions are MUS81-independent 
and type II lesions can be repaired using a DmBlm-dependent pathway.  This is 
supported by my data (Fig. 3.4). 
Additional insight into the cause of synthetic lethality comes from my finding 
that the mus309N2 mutation is viable and fertile with mus81Nhe.  The mus309N2 
allele is a deletion that is predicted to remove at least 566 residues from the 
amino terminus of DmBlm.  Based on the synthetic lethal phenotype and other 
phenotypes seen in single mutants (IR sensitivity and early embryonic function) 
mus309N2 is a hypomorphic allele.  We hypothesize that the mus309N2 deletion 
destroys the ability of DmBlm to dissociate D-loops, but leaves intact the ability to 
promote HJ branch migration.  This idea is supported by the finding that a 
truncated human BLM protein which removes the entire nonconserved N-terminal 
domain of BLM (residues 1–641) was still able to catalyze branch migration (Wu et 
al., 2005).  If this hypothesis is correct, mus309N2 mutants are unable to repair 
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type I lesions, consistent with the observed defects in DSB repair (McVey et al., 
2007), but are competent to process type II lesions. 
We speculate that type II lesions may be blocked RFs, since both RecQ 
helicases and Mus81 have been implicated in processing blocked forks (reviewed 
in Branzei and Foiani 2007; Osman and Whitby 2007).  Type I lesions may be 
DSBs associated with broken replication forks.  According to our model, MUS81 is 
not involved in repair of Type I lesions and this is supported by my results 
showing no involvement of MUS81 in DSB repair.  Recombinational repair of 
these DSBs would require DmRad51 and, subsequently, DmBlm.  In spn-A 
mutants, repair could be accomplished through non-homologous end joining.  
The spn-A mutation causes a similar reduction in apoptosis in mus309N1 single 
mutants and mus81Nhe; mus309N1 double mutants (34% vs. 35%, P=0.81 by 
Fisher’s exact test).  The similar effect of loss of DmRad51 on both genotypes can 
be explained if type II lesions that are not properly processed are converted into 
type I lesions; i.e., in the absence of MUS81 and DmBlm, blocked replication forks 
break, generating DSBs.   
 In conclusion, this project endeavored to answer three major questions and 
my results provide strong evidence for these answers.  1) MUS81-MMS4 is not 
required for meiotic recombination in Drosophila melanogaster.  2)  MUS81-
MMS4 is likely to play a role in repairing blocked or damaged RFs.  3) The source 
of synthetic lethality between mus81 and mus309 mutations appears to be an 
accumulation of apoptotic cells beyond the threshold needed for survival, caused 
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by endogenous damage.  Overall, my results provide substantial evidence 
supporting my hypothesis that inability to repair blocked or damaged RFs in the 
absence of both MUS81 and DmBlm leads cell death and ultimately leads to 
organismal death. 
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